Experimental analysis of the quantum complementarity principle 
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One of the milestones of quantum mechanics is Bohr's complementarity principle. It states that 
a single quantum can exhibit a particle-like or a wave-like behaviour, but never both at the same 
time. These are mutually exclusive and complementary aspects of the quantum system. This means 
that we need distinct experimental arrangements in order to measure the particle or the wave nature 
of a physical system. One of the most known representations of this principle is the single-photon 
Mach-Zehnder interferometer. When the interferometer is closed an interference pattern is observed 
(wave aspect of the quantum) while if it is open, the quantum behaves like a particle. Here, 
using a molecular quantum information processor and employing nuclear magnetic resonant (NMR) 
techniques, we analyze the quantum version of this principle by means of an interferometer that is 
in a quantum superposition of being closed and open, and confirm that we can indeed measure both 
aspects of the system with the same experimental apparatus. More specifically, we observe with a 
single apparatus the interference between the particle and the wave aspects of a quantum system. 

PACS numbers: 03.65.-w, 03.65.Ta, 03.67.-a 



One of the most striking departure from the classical 
lines of thought is the double-slit experiment with a sin- 
gle quantum (from here now named qubit for simplicity). 
This experiment, which is an example of Bohr's comple- 
mentarity principle, tells us that we have to choose either 
to observe interference fringes (wave-like behaviour) or to 
know which path has been taken by the qubit (particle- 
like behaviour). This fact, that has been experimentally 
verified in many different contexts [1], means that these 
two knowledges (wave-like and particle-like behaviour) 
are mutually exclusive. 

A possible realization of this experiment is the single- 
qubit Mach-Zehnder interferometer, schematically shown 
in Fig. 1. After crossing the first beam splitter, BSi, the 
qubit is in a coherent superposition state of been taken 
both paths a and b at the same time. The second beam 
splitter, BS2, if present, recombines the qubit paths that 
is, then, detected by D a or D^. If we perform this ex- 
periment by varying the phase shift between the two 
paths, the result will be an interference pattern in the 
probability of the qubit detection by D a or D5, indicat- 
ing that the it behaves like a wave (for a = tt). However, 
if we remove BS2 (a = 0), the interference between both 
paths disappears and the particle character of the qubit 
is observed. 

An important feature of classical complementarity ex- 
periment is the fact that, we can only say something 
about the behaviour of the system (particle or wave) 
after the measurement has been carried out. We then 
must choose beforehand what phenomenon we want to 
observe. This means that the two experimental arrange- 
ments are complementary. This characteristics, which 
is the essence of Bohr's principle, led Wheeler to formu- 
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FIG. 1. (Colour Online) Schematic diagram of the Mach- 
Zehnder interferometer with a quantum beam splitter BS2- 
The interferometer is closed for a — tt and open for a — 0. 
For any other value, < a < tv, the interferometer is in a co- 
herent superposition of being closed and open. In the classical 
version of the complementarity experiment the beam splitter 
BS2 has only two possible states, i.e., present or absent. 



late his delayed-choice gedanken experiment [2| . Wheeler 
speculated whether the qubit could "know", before en- 
tering in the interferometer, what information we choose 
to observe and then behaves accordingly? To answer this 
question, Wheeler propose to make this choice only after 
the qubit had crossed the first beam splitter. This exper- 
iment was recently performed in an optical setting and 
the complementarity principle was elegantly confirmed 
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showing that there is no difference between the nor- 
mal and the delayed versions of the experiment. In other 
words, is only when we choose between particle or wave 
aspects that the reality emerges. It is worthwhile to note 
that this is a classical version of the experiment, in the 
sense that the interferometer has only two states, it is 
open or closed. 

Here, using a nuclear magnetic resonant (NMR) setup, 
we experimentally study the quantum version of the 
delayed-choice experiment, recently proposed by Ioni- 
cioiu and Terno [4| , in which the analogous of the second 
beam splitter of Fig. 1 is in a coherent superposition of 
being present and absent. In other words, the interfer- 
ometer is in a quantum superposition of being closed and 
open, which leads the qubit to be in a superposition of 
particle and wave. The obtained results agree with the 
theory and show that, contrary to the original statement 
of Bohr's principle, we can indeed use the same experi- 
mental arrangement to measure both aspects of the quan- 
tum system, i.e., wave and particle. This is accomplished 
due to the quantum nature of the controlling device, the 
second beam splitter in this case (as depicted in Fig. 1). 

The idea is as follows: The classical delayed choice ex- 
periment can be implemented by means of a quantum 
random number generator (QRNG). This QRNG is just 
an ancilla qubit A that is prepared in an equal superpo- 
sition state and measured after the system qubit S had 
crossed the first beam splitter. The outcome (0 or 1) of 
this measurement, which is obtained before S reaches the 
second beam splitter, will determine if the interferometer 
is open or closed [3]. In the quantum version, this clas- 
sical control is substituted by a quantum one, before the 
measurement of the ancilla [4]. This means that we can 
choose if S will behave like a particle or like a wave after 
it has been detected. Both behaviours are obtained by 
correlating the ancilla A and the qubit S experimental 
data. 

Let us consider the input state (before BS± of Fig. 

I) of the qubit as \0)s (where \0)s labels path b and 

II) ^ labels path a). The transformation employed by 
the BS2 is coherently controlled by an ancillary qubit 
in such way that, if the ancilla particle is in the state 
\0)a the BS2 is absent (the interferometer is open) 
and the final state is 1 0) a | particle) s with | particle) s '•= 
(\0)s + e z0 \l}s) /V% representing the particle-like be- 
haviour of the photon S. On the other hand, if the 
state of the ancilla is \1)a the BS2 is present (the in- 
terferometer is closed) and the final state is 1 1)^1 wave) # 
with |wave) 5 := e id ' 2 (cos ((9/2) |0) 5 - i sin (0/2) |1) 5 ), 
accounting for the wave-like behaviour of S. The ancilla 
qubit can also be prepared in a general coherent super- 
position, cos(a/2)|0)A + sin(a/2)|l)A, in this case, after 
BS2, we obtain the state [4]: 

|^) = cos (^j 1 0) A I particle) s + sin (^j |i) A |wave)s. 

(1) 



This scenario is completely different from the par- 
tial information of complementary quantities discussed 
in Ref. [5], in which a weak interaction with the in- 
terferometer allows us to obtain an imperfect knowledge 
about these quantities. In Ref. [5[ it was presented an 
inequality that introduces an upper bound to the max- 
imum information, which we can simultaneously obtain 
about both aspects, interference fringe and which path. 
Here we have complete knowledge about both properties 
by letting the "qubit" (single quantum) to be in a su- 
perposition of both behaviours, particle and wave at the 
same time [4[. 
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FIG. 2. (Colour Online). Sketch of the circuit for the quan- 
tum delayed-choice experiment. The first block represents the 
initial state preparation and employs the two interferometric 
paths. The second block performs a controlled interference 
between the two superposition paths encoded in the Carbon 
spin. A controlled-Hadamard gate is decomposed in four sin- 
gle qubit rotations and two CNOT gates. The CNOT gate 
is achieved by the radio-frequency pulse sequence (in time 
order) (f f y -U (£)-(f )*-(f )^-(f )^-(f )*-(= )f- 
(f ) y ' w here the super indices states for nucleus where the 
pulse is applied and U (jj) represents a free evolution under 

the spin scalar coupling, 27rJS^S^, with S^ 6 ^ = ha^ C ^ /2 
being the spin angular momentum operator in the ^-direction 
for X H ( 13 C ) nuclei [9] and J « 215.1Hz in our experiment. 
Finally the third block emulates a strong measurement of the 
Hydrogen spin in the a z eigenbasis by means of partial de- 
phasing circuit. After this last block we perform a partial 
quantum state tomography of both qubits in order to obtain 
a signature of the wave-like or particle-like behaviour of the 
Carbon nuclear spin. 

Our experiment was carried out in a liquid-state NMR 
spectroscopy with a two spin- 1/2 sample of 13 C-labelled 
CHCI3. The sample was prepared by mixing 50 mg of 
99 % CHCI3 in 0.7 ml of 99.9 % Acetone-d6 in a 5 mm 
NMR tube. Both samples were provided by the Cam- 
bridge Isotope Laboratories - Inc. The experiments were 
performed at 25° C using a Varian 500 MHz Premium 
Shielded ( X H frequency) and a 5 mm double resonance 
probe-head equipped with a magnetic field gradient coil. 

Figure 2 shows the quantum circuit for the experimen- 
tal procedure. The qubit encoded in the Hydrogen nu- 
clear spin plays the role of the ancilla control for the 
interferometer device, while the qubit in the Carbon nu- 
clear spin encompass the interferometer paths, i.e., the 
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13 C magnetization aligned in the same direction of the 
spectrometer reference magnetic field represents the path 
6, while the magnetization aligned in the opposite direc- 
tion represents path a, the states \0)s and 1 1)^? respec- 
tively. The first block of Fig. 2 performs the initial state 
preparation and employs the superposition of the paths 
of the interferometer. By applying an appropriate combi- 
nation of radio-frequency pulses and magnetic field gra- 
dients, we prepared the effective state \00)a,s- Although 
in liquid state NMR systems the whole ensemble cannot 
be prepared in a pure state, it is possible to prepare an 
analogous of such a state encoded in the so-called devia- 
tion matrix A p. The state of the two-qubit spin ensemble 
can be represented in the high temperature expansion as 
p = 1/4 + eAp, where e = TojOl/^bT is the ratio be- 
tween the magnetic and thermal energies [7-9] and I is 
the identity operator. The state of the spins system is 
highly mixed, however it can encompass coherent evolu- 
tions, interference [6|, |8|, |9[, and also suppor ting ge neral 
quantum correlations without entanglement [10|4l3|. 
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After such an initial preparation of the deviation ma- 
trix, a rotation (ot)y is applied (this notation means 
that a rotation of a in the ^/-direction is applied to the 
1 H nucleus) in order to prepare the equivalent of the 
state cos(a/2)|0)A + sin(a/2)|l)^ of the ancilla qubit 
mapped into the Hydrogen magnetization state. A 
pseudo-Hadamard gate, (7r/2)^, is applied to the 13 C 
nucleus in order to prepare the system's path superpo- 
sition state (lO)^ + ll)^) /a/2. The phase shift between 
both interferometer arms is acquired by a rotation of 
in the z-direction applied to the Carbon nucleus. In the 
second block of Fig. 2 the quantum control of the in- 
terferometer (the analogous of the quantum BS2 in Fig. 
1) is implemented by means of a controlled-Hadamard 
gate [14[ decomposed in four rotations and two CNOT 
gates as depicted in Fig. 2. The third block of the ex- 
perimental procedure emulates a strong measurement of 
a z eigenbasis on the ancilla qubit (^H) [l5[. After this 
last block, the information about the particle-like or the 
wave-like nature of the single quantum system can be ob- 
tained from a partial quantum state tomography of the 
nuclear spins. 

The emulation of a strong measurement is achieved as 
follows: The pulse sequence sketched in the third block 
of Fig. 2 leads to the dephasing of the ancilla spin 
by applying two identical linear gradient pulses. The 
coherence of the system spin ( 13 C) is protected by the 

(jr) x pulse, which refocus its coherence. This procedure 
emulates a strong measurement in the z-direction, since 
the resulting density operator is exactly the same which 
we obtain in an ensemble of projective measures of a z 
eigenbasis over the ancilla qubit. 

Employing such a strong measurement of the ancilla 
qubit in z-direction, we obtain the following deviation 




9 = k 



e =2jt 




FIG. 3. (Colour Online). Real part of the final deviation 
matrix reconstructed by quantum state tomography for some 
values of the phase shift and for the parameter a = tt/2. 
The deviation matrix elements are displayed in the usual com- 
putational basis and the amplitudes are in arbitrary unities. 
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(2) 



The deviation matrix in Eq. (|5J) is a block diagonal ma- 
trix with each block containing the wave-like or particle- 
like information about the behaviour of the system. Since 
we are dealing with an ensemble of molecules, we can- 
not perform a single projective measurement on the an- 
cilla and then post-select the outcomes. However, we 
can emulate the non-unitary dynamics associated with 
the strong measurement processes by means of a partial 
dephasing circuit as already commented (see Fig. 2). 
The action of this operation is to completely dephase 
the coherences associated with the ancilla exactly in the 
same way they would be by a strong measurement of a z 
eigenstates [15[. Following the dynamics of just one el- 
ement of the deviation matrix (|2j), we can also emulate 
the post-selection of a given result for the measurement 
of the ancilla qubit. We illustrate such emulation of a 
projective measurement in Fig. 3 by showing the full 
quantum state tomography [9I Il6| of the final deviation 
matrix for some values of the phase shift 0. The block 
diagonal form of Eq. (|2]) as well as the oscillations of the 
deviation matrix elements due to the path interference 
can be clearly observed in Fig. 3. We note that it is not 
necessary to perform the full quantum state tomography 
to explore the wave-particle complementary aspects of a 
single spin. We can do it following the dynamics of just 
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one element of the deviation matrix, i.e., that one which 
represents the input state of the interferometer. 




FIG. 4. (Colour Online). Probability of detect the initial 
state, Tr (Ap|10)A,5(10|), emulating the strong measurement 
in the a z eigenbasis, as function of for different values of 
a. The dots represent the experimental points while the lines 
are cosine fittings of these experimental data. 

In Fig. 4 we can observe a continuous transition, 
as function of the parameter a, from the wave-like na- 
ture (the cosine oscillation as function of theta) to the 
particle-like nature (the flat probability as function of 
theta). These complementary aspects of the one single- 
quantum interferometer can be observed in the present 
experimental arrangement through measurements of nu- 
clear magnetizations. 

In summary, we have successfully implemented the 
quantum version of Wheeler's delayed-choice experiment, 
theoretically proposed in [4[. The obtained results are 
in very good agreement with the theoretical predictions 
and reveals some novel and important aspects of Bohr's 
complementarity principle. Some reinterpretation of this 
principle is in order. As we observed in the experimental 
results depicted in Fig. 4, it is possible to prepare and 
test a single quantum into a superposition of particle and 
wave aspects, which permits us to obtain both informa- 
tions with the same experimental setting, since we have 
a device able to coherently control a path interference. 
This fact is in sharp contrast with the original statement 
of the complementarity principle. This forces us to disre- 
gard particle and wave aspects as realistic properties of 
the system 

This fact could be analysed from the information the- 
ory perspective. The uncertainty about the system (in 
this case about two complementary variables) is not a 
property of the system, but it is a property of the ex- 
perimental device employed to investigate the system's 
behaviour. The results theoretically presented in Ref. 
Q and experimentally demonstrated here suggest that a 
quantum device could obtain more information from the 
system than a classical one. 



Note Added: After completion of this manuscript, we 
became aware of an independent work [17[ that have ob- 
tained similar conclusions by using a different technique, 
corroborating the present experiment. 
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